We i n vestigate the cosmological perturbation of two-scalar eld model during the reheating phase after in ation. Using the exact solution of the perturbation in long-wavelength limit, which is expressed in terms of the background quantities, we analyze the behavior of the metric perturbation. The oscillating in aton eld gives rise to the parametric resonance of the massless scalar eld and this leads to the ampli cation of the iso-curvature mode of the metric perturbations. 98.80.Bp 
I. INTRODUCTION
Recently, a theory of reheating after in ation is developed and importance of the oscillating scalar elds is recognized 1 2 . The non-linear interaction between the scalar elds ampli es the uctuations of the scalar elds by the e ect of parametric resonance and the energy of the oscillating eld is transfered to the uctuation of the massless eld by catastrophic particle production. A large amount of studies about the reheating process has been done 3 . From the viewpoint of the structure formation of our universe, one of the most important question is whether the growth of uctuations of the matter eld during reheating a ects the large-scale inhomogeneities in the universe or not. To a n s w er this question, we must study the evolution of the metric and the matter uctuation in general relativistic treatment.
Concerning the works on the theory of cosmological perturbation, several authors studied a single scalar eld model in the context of the reheating scenario and investigated a role of the coherent oscillating eld on the evolution of large-scale structure in the universe 4 6 . Hamazaki and Kodama analyze the metric perturbation in the model with two-component uid and discuss the e ect of parametric resonance 7 . They evaluate the curvature perturbation Bardeen parameter by replacing the scalar elds with the perfect uids. The e ect of parametric resonance is all included in the energy transfer term which should be given by phenomenological description. They conclude that is well-conserved during reheating and the parametric resonant decay does not a ect the scenario of the structure formation. Although their conclusion seems to be valid in the old version of the reheating scenario, which is dominated by the Born decay process, it is not clear that their analysis is appropriate when the non-linear evolution of the scalar elds may p l a y a n i m p o r t a n t r o l e . We should keep in mind that the parametric resonance does not occur in the perfect uid system.
In this letter, we analyze the cosmological perturbation of the scalar eld model to clarify whether the dynamics of coherently oscillating scalar eld a ects the metric perturbation or not. The model we treat here contains two scalar elds ; with the potential V ; = m 2 2 =2 + g 2 2 2 =2 w h e r e is the in aton and is the massless boson eld. 
II. BASIC EQUATIONS

III. SOLUTION IN LONG WAVELENGTH LIMIT
As we are interested in the formation of the large-scale structure in our universe, it is important t o i n vestigate the metric uctuation outside the scale of the Hubble horizon.
Fortunately, w e can obtain the exact solution of eq.8 in the long wavelength limit k ! 0 and the result is expressed in terms of the background quantities.
Let us suppose the solution of the background eld is written as ' i ; C, where log a and C is the parameter given by a suitable choice of the integration constants. plays a role of the time parameter and we can trace the time evolution of the trajectory of the background solution in con guration space ' 1 ; ' 2 using this parameter. C distinguishes trajectories in this space and remains constant o n a e a c h trajectory. W e can show t h a t t h e tangential vectors d' i =d , d' i =dC satisfy 8 in the limit k ! 0. Therefore these vectors are the independent solutions of 8 in long wavelength limit 15 .
Since 8 are the second order coupled di erential equations, we h a ve four independent solutions. The remaining two solutions can be obtained by t h e W ronskian condition. De ne the component o f a 2 2 matrix X as
Using this matrix, the general solution of 8 in long wavelength limit can be expressed by
where T represents transpose of the matrix and c j j = 1 ; 2 are arbitrary constants.
IV. BACKGROUND DYNAMICS IN REHEATING PHASE
We can know the behavior of the long wavelength perturbation from 10 if we obtain the background solution. As we p a y our attention to the reheating phase of the in aton dominated universe, we assume the condition ' 1 ; ' 2 1 and ' 2 2 1. The former is the condition for the oscillation of the scalar elds. The latter condition implies that the potential energy is dominated by the massive in aton.
We rst solve the background equations in a naive treatment. Because ' To i n vestigate the metric perturbation during the reheating, we m ust study the background evolution more precisely. W e shall analyze the background dynamics by using the renormalization group RG method. R G method is a technique of asymptotic analysis which improves the result of the naive perturbation and it provides an uni ed approach t o s o l v e di erential equations including singular perturbation method 12 13 . To apply the RG method, we i d e n tify the small expansion parameter as the amplitude of the scalar elds ' i O 1. Since we w ant t o t a k e i n to account of the non-linear interaction, we assume O 1 which implies is not small parameter. The eigenvalue of the matrix in the right hand side of 17 is real for 1=3 q 1 a n d can grow during this epoch. We see that the function q corresponds to the coe cient q in the Mathieu equation 11. Recall that we h a ve ' 1 ' h cos ; ' 2 ' h cos + =2 from 13, we recognize that the amplitude of ' 2 has the growing behavior as the result of the parametric resonance. Soon after q becomes smaller than 1=3, reaches a constant value. Fig.1 shows the evolution of the background elds obtained by n umerical integration of 45. The eld ' 2 the solid line is ampli ed during the short period denoted by t h e horizontal arrow, which corresponds to the resonance epoch 1 =3 q 1. We c a n e v aluate how m uch ' 2 is ampli ed through the resonance epoch. where we used the relation q f = 1 =3; q i = 1 . The above expression is valid if the condition 1 is satis ed throughout the resonance epoch.
V. EVOLUTION OF THE BARDEEN PARAMETER
Behavior of the background solution obtained by R G method is translated to the metric perturbation using the long wavelength solution 10. The reduced system 14 has the two integration constants: The initial values of ; . During the resonance epoch, approaches a constant v alue which does not depend on the initial value. We can regard 0 the initial value of as the parameter C described in Sec.III. That is, 0 is the parameter which distinguishes the trajectories in the reduced system ; . Substituting 13 into 10 and evaluating the integral adiabatically, w e nd that the dominant contribution to the Bardeen We see that iso has the periodically sharp peaks around the zero points of ' 0 1 . This behavior also appears in the single eld case 5 . Except for the short interval of the peaks, iso traces the amplitude of Q iso 1 . Therefore iso deviates from zero when ;C grows due to the parametric resonance. Note that iso vanishes when the background eld ' 2 is zero = 0. We can identify iso is the contribution of the iso-curvature mode of the perturbation.
We c o n r m t h e b e h a vior of iso by solving 458 numerically. In Fig.2 , we s h o w the time evolution of the iso-curvature mode. We observe that the Bardeen parameter is ampli ed during the resonance epoch when the amplitude of the background ' 2 eld grows see Fig.1 . After the resonance epoch, iso approaches zero due to the Hubble damping which can be seen by the analytic result 21. Using 1921, we can estimate the growth of iso except for the sharp peak: 
VI. SUMMARY AND DISCUSSIONS
In this letter, we h a ve i n vestigated the cosmological perturbation of the model with two scalar elds in reheating phase after in ation. Using the background quantities, long wavelength solutions of the perturbation are obtained. Applying the RG m e t h o d t o t h e background dynamics in the coherent oscillating stage, we found that the massless eld gets the e ect of the parametric resonance. This leads to the ampli cation of the isocurvature metric perturbations. The result implies that the Bardeen parameter deviates from the initial amplitude in reheating phase even though the initial amplitude determined in the in ationary stage is dominated by the adiabatic mode. Therefore the analysis using the scalar eld model is essential to study the metric perturbations when the non-linear dynamics of the scalar elds plays an important r o l e .
The most important observed quantity is the power spectrum P k. Consider the evolution of the metric uctuation k whose initial amplitude is given by the quantum uctuation of the scalar elds during in ation. As long as the wavelength of the uctuation is outside the Hubble horizon, time evolution of k i s w ell-approximated by the solution for the long wavelength mode. The power spectrum for the present length-scale can be evaluated from the amplitude of k when the uctuations re-enter the Hubble horizon. Soon after the metric uctuation k su ers the parametric ampli cation during reheating, it approaches to the initial amplitude due to the Hubble damping. The horizon re-entry time becomes earlier as the wavelength of the uctuation becomes shorter. Therefore, we can expect that the e ect of parametric resonance on the power spectrum at the horizon re-entry appears at the small scale large k. We will give a detail discussion about evolution of the power spectrum in the forthcoming papaer 15 . 
APPENDIX: RG METHOD APPLYING TO THE BACKGROUND SYSTEM
In this appendix, we apply the RG method to the background system 45. Following the treatment described in Sec.IV, we substitute 12 to 45 and expand in powers of : where we s e t = ,1.
FIGURE CAPTIONS Fig.1 The amplitude of the background elds ' 1 and ' 2 is shown as a function of time by solving 45 numerically. The broken and the solid lines represent the in aton' 1 and the massless eld' 2 respectively. During the period denoted by the horizontal arrow, the eld ' 2 is ampli ed by the e ect of parametric resonance. We used the initial values which correspond to the expression 13 at = 0 with the parameters = 4000; h = 0 :035; = 0 :01; = 0 :4; = 0 :0. Fig.2 The Bardeen parameter is plotted as a function of time by solving 458 numerically. W e calculate 45 with the same initial condition as described in Fig.1 .
As for the perturbations, we set the initial values corresponding to the expression 20 at = 0. The gure shows that is ampli ed during the resonance epoch denoted by the horizontal arrow and approaches zero due to the Hubble damping. 
